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1. Introduction 
Electron transfer (ET) processes between ions in 
solutions [ 11, as well as in biological systems [2,3], 
can adequately be described within a unified theoreti- 
cal framework in terms of non-adiabatic multiphonon 
non-radiative processes [2-41. A central prediction of 
the theory [2-41 is that at sufficiently low tempera- 
tures the ET rate is constant and independent of tem- 
perature manifesting the effects of nuclear tunnelling, 
while at high temperatures the rate exhibits the con- 
ventional Arrehnius-type activated temperature 
dependence. This pattern has been observed for the 
DeVault-Chance ET process between cytochrome and 
the reaction centre in chromatium [ 51. Experimental 
studies of the primary charge separation steps in bac- 
terial photosynthesis [6,7] have established that sev- 
eral of the elementary ET processes are temperature 
independent over a wide temperature range [8]. The 
ET process between bacteriopheophtin (BPh) and 
ubiquionone- 10 (Q) [ 6-81: 
(BChl);BPh-Q + (BChl);BPhQ- (A) 
where (BChl)2 represents the chlorophyll dimer, is 
characterized by a rate [6,7] W = 7 X lo9 s-l, which 
is temperature independent [8] over the range 
4-300 K. The back reaction [9]: 
(BChl);BPhQ- + (BChl),BPhQ (B) 
is slow, the rate being W = 10’ s-l, which is again 
temperature independent in the range 4-300 K. An- 
other interesting class of ET process in the category is 
ET from a cytochrome donor, C, to the reaction 
centre, P+, in the photosynthetic bacterium Rhodo- 
spirillum rubrum [lo,1 11: 
c+p++c++p (C) 
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Here, the low temperature rate is W = 40 s-l, being 
temperature independent in the range 4-50 K, while 
in the region SO-300 K the rate W slightly decreases 
with increasing temperature [lO,l I]. The temperature 
independent rates for reactions (A)-(C) cannot be 
reconciled with low temperature nuclear tunnelling, 
which will be followed by an activated rate at higher 
temperatures. For such conventional non-adiabatic ET 
processes nuclear tunnelling is exhibited in the tem- 
perature range where the thermal energy, k,T, with 
k, being the Boltzman factor and T the absolute tem- 
perature, is considerably smaller than the characteristic 
vibrational frequency Rw. The transition temperature 
T, marking the onset of activated ET is [ 121 kBT, = 
*w/4, so that for reactions (A)-(C) one gets 
liw > 1000 cm-‘, which is definitely too high for a 
vibrational mode suffering a large configurational 
distortion during the ET process [2,3]. A way out of 
this dilemma is to attribute reactions (A)-(C) to 
activationless ET processes (AETP), where the nuclear 
potential surfaces for the initial and for the final states 
cross at the minimum of the initial state. The assign- 
ment of reaction (B) to AETP was given in [ 131, while 
the attribution of reaction (A) to such AETP is in 
accord with the suggestions in [8,12]. In this note we 
utilize the theory of non-adiabatic multiphonon ET 
processes [3,4] to explore the characteristics of such 
AETPS demonstrating that: 
(1) They correspond to exoergic processes. 
(2) The configurational nuclear changes involved are 
optimal to ensure the fastest reaction rate, whose 
magnitude is restricted only by the electronic 
coupling. 
(3) The rate constant is temperature independent 
over a broad temperature range. 
(4) The low temperature rate is determined essentially 
by the electronic coupling and not by nuclear 
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contributions. 
(5) At higher temperatures these processes exhibit an 
apparent negative activation energy. 
Consider ET from a thermally-equilibrated initial 
nuclear potential surface UDA corresponding to the 
donor (D)-acceptor (A) pair DA to the final nuclear 
potential surface UD+*- which corresponds to the oxi- 
dized donor (D’)-reduced acceptor (A-) pair D”A: A 
simple description of these two potential surfaces can 
be given in terms of the two configurational diagrams 
portrayed in fig. 1: 
uDA((?) = @@-d) 4’ (1) 
UD+g(q) = (&W/2) (4 - A)’ + AJ!? (2) 
Here 4 is the nuclear coordinate in dimensionless 
units, being normalized to the zero-point RMS dis- 
placement. A is the horizontal displacement of the 
minima of the potential surface expressed again in 
U(q) 
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Fig.1. Nuclear potential surfaces for an electron transfer pro- 
cess. The initial nuclear potential surface UDA(q) represents 
the donor-acceptor pair DA, while the final potential surface 
uD+A-(4) corresponds to the D’A- pair. q is the nuclear coor- 
dinate in dimensionless units (see text). The m~imum of the 
initialpotential surface islocated at q = 0, while the minimum 
of the final potential surface is located at q = A. The elec- 
tronic energy gap AE and the activation energy EA are marked. 
dimensionless units. Ai? is the electronic energy gap, 
representing the vertical displacement of the minima 
of the potential surfaces. It will be convenient to 
define the reduced energy gap: 
P = IaEliitto 
The electron-vibration coupling strength is: 
(3) 
S = A2/2 
while the medium rearrangement energy is: 
(4) 
Es = Stiw (da) 
This simple single mode approximation incorporates 
all the necessary physical features of the problem. This 
model can be extended to include the dispersion of 
optical medium modes and the role of simultaneous 
coupling with medium modes and intramolecular 
vibrations. We shall now focus attention on exoergic 
ET processes, where M < 0 (and p > l), and consider 
three limiting cases: 
(4 
(b) 
(cl 
Weak coupling limit S G 1, so that p > S. This 
physical situation corresponds to slight displace- 
ment of the two potential surfaces and where 
tunnelling occurs from a broad range of vibronic 
levels. 
Strong coupling situation S > 1. Now the poten- 
tial surfaces intersect not far from the minimum 
of the initial surface, 
Very strong coupling situation, S >> 1 and S >> p. 
When the coupling S further increases the mini- 
mum of the initial state it is located outside the 
crossing point of the potential surfaces. 
The transition from the strong coupling situation 
(b) to the very strong coupling limit (c) is character- 
ized by the condition Es = -AE, i.e., p = S, which for 
exoeigic processes is characterized by the crossing of 
the potential surfaces at the minimum of the initial 
state. This physical situation corresponds to an activa- 
tionless ET process. 
The theory of non-adiabatic multiphonon ET pro- 
cesses results in an ET rate, IV, which is expressed in 
terms of an electronic coupling term: 
A = 27rl v12/!Pw (5) 
with Vbeing the two-centre electron transfer integral, 
and a Franck-Condon vibrational overlap factor. The 
temperature-independent rate at low temperatures 
is [4]: 
W = A exp(-S)P/p! (k,T << ko) (6) 
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Fig.2. Model calculations for the temperature dependence of 
ET rate for activated and for activationless processes. Solid line 
represents the result of model calculations for a square distri- 
bution of medium optical phonon modes q(w) = ES/(+n+,Aw) 
with ES = 2000 cm-‘,%+ = 100 cm-‘, Aw/w, = 0.4. Dotted 
lines were calculated for the single mode approximation (eq. 
(4) of [ 31) with the mean frequency ?rw = 100 cm-’ and 
ES = 2000 cm-‘. 
which for exothermic processes characterized by a 
sufficiently large value of p can be recast in the form: 
W = A(2rrp)-ln exp(-S - yp); y = ln(p/S) - I 
(7) 
While the activated rate at high temperatures is given 
by [3,41: 
It’ = A(fiw/4nSkBT)1” exp(-EA/kBT); (kBT >> tie) 
(8) 
where the activation energy being: 
E, = @ - S)2frw/4S (9) 
For activationless processes p = S, so that it is imme- 
diately apparent from eq. (7) and eq. (9) that E, = 0 
and y = -1. The low temperature rate is: 
IV = A/(2rrp)‘” (10) 
while the high temperature rate takes the form: 
w = A(h/4?rSkBT)‘” (11) 
From eq. (10) and eq. (11) it is apparent that: 
(9 The low temperature rate for AETP, eq. (lo), 
reflects an ET process which occurs from the 
lowest vibrational level of the initial state and 
which is independent of temperature. 
(ii) The high temperature rate for AETP, which 
exhibits the temperature dependence WaT-‘“, 
decreases with increasing temperature. Thus the 
ET rate is characterized by a negative apparent 
activation energy. The retardation of the ET rate 
with increasing temperature can be readily ration- 
alized by noting that the fast microscopic ET 
process occurs from the vibrationless level of the 
initial state at the crossing, while the microscopic 
rates from higher vibrational levels are slower. 
(iii) The temperature To, which characterizes the 
crossing from the temperature-independent region 
to the range characterized by the negative appar- 
ent activation energy for activationless processes, 
is kBTo -h1/2, while the ratio of the low tem- 
perature rate (10) and the high temperature rate 
(11) is (2kBT/fzw)1’2. 
To provide a visual demonstration of the general 
features of AETPs, we have performed model calcula- 
tions for a system whose electron phonon coupling is 
characterized by the square distribution 
n(o) = Es/@wOAw), where -plwe is the mean value 
and_hAw the distribution width. These results for the 
activationless case, where AE = -Es, as well as for an 
activated situation, are presented in fig.2. These cal- 
culations were performed using the saddle point 
approximation [4,14] for the ET rate. In fig.2 we 
have also presented the rates calculated from the 
single-mode approximation (eq. (4) of [3]). The 
agreement between the rates, which incorporate the 
phonon dispersion and those obtained within the 
single-mode approximation, inspires confidence in 
our general analysis which rests on a single-mode 
model. 
The last point we have to consider pertains to the 
absolute values of the ET rates of eq. (l)-(3), which 
can vary by 10 orders of magnitude for ET processes 
in various systems. The low T rate for the AETP is: 
W = 4.7 X 1011(~V~/cm~1)2/(ftw/cm~1)p’n s-l 
(12) 
The 1 e-2-centre electron transfer integral Vdepends 
strongly on the separation R and on the relative orien- 
tation of the electron donor and acceptor. As V is 
essentially determined by the overlap of the tails of 
the electronic wavefunctions, we expect that it can be 
crudely represented in the form [2,3]: 
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V = V, exp(-0/Z) (13) 
Utilizing the numerical results [ 141 for a many-elec- 
tron calculation of v for nearest-neighbour interaction 
between two aromatic molecules, such as naphthalene 
and anthracene, we get V, z 1 X lo5 cm-’ and 
QI = 1 .O A-‘. Thus, the activationless low temperature 
rate, eq. (12), provides a direct determination of the 
electronic coupling and a very rough estimate of the 
distance scale for the ET process [2,3]. For reaction 
(A), which is expected to be dominated by a nuclear 
contribution from intramolecular high frequency 
vibrational modes, we take tZw = 500 cm-’ originating 
from the metal ligand stretching mode [2,3,5] and 
choose a reasonable value of Af? = 2000-4000 cm-‘, 
i.e., p = 4-8, for the energy gap. We then get 
I/ z 4 cm-’ which corresponds, according to eq. (13), 
to a close donor-acceptor spacing of R = 10 a. The 
same frequency and energy gap in the case of reaction 
(B) determine V 2 5 X 10e4 cm-‘, which is in accord 
with the estimate in [13] of T/z 8 X 10m4 cm-’ and 
which, according to eq. (13), corresponds to a large 
donor-acceptor spacing of R = 19 a. The temper- 
ature independence of the AETPs (A) and (B) implies 
that kBTo > 200 cm-’ for the crossing temperature, 
whereupon_Plw > 400 cm-‘, which is in accord with 
our estimate of the vibrational frequency 
Rw = 500 cm-’ for the mode which undergoes an 
appreciable configurational change during ET. The 
weak temperature dependence of the rate of reaction 
(C), which decreases by a factor of -2 in the range 
T = 50-300 K is consistent with the predictions of an 
apparent negative activation energy for AETP. For 
reaction (C) the crossing temperature is rather low 
implying that low frequency vibrational modes with 
#lop- 100 cm-’ may also be involved in that AETP 
process. Such a continuous spectrum of polar medium 
modes of -100 cm-’ also has a pronounced effect in 
the DeVault-Chance ET process between cytochrome 
and the reaction centre in chromatium [ 151. 
From the foregoing discussion it is apparent that 
for AETP the intramolecular organization, involving 
the nuclear distortions of the donor and of the accep- 
tor centres, is optimal to ensure the most efficient ET 
rate. The absolute magnitude of the rate is determined 
by intermolecular organization, pertaining to the spa- 
tial arrangement and spacing of the donor and accep- 
tor centres. 
References 
[la] Marcus, R. A. (1964) Ann. Rev. Phys. Chem. 15, 155. 
(lb] Levich, V. G. (1966) Adv. Electrochem. Electrochem. 
Eng. 4,249 
[2] Hopfield, J. J. (1974) Proc.Natl. Acad. Sci. USA 71, 
3640. 
[3] Jortner, J. (1976) J. Chem. Phys. 64,486O. 
[4] Kestner, N. R., Logan, J. and Jortner, J. (1974) 
J. Phys. Chem. 78,2148. 
[5] DeVault, D. and Chance, B. (1966) Biophys. J. 6, 825. 
[6a] Netzel, T. Z., Rentzepis, P. M. and Leigh, J. S. (1973) 
Science 18, 238. 
[6b] Kaufmann, K. J., Dulton, P. J., Netzel, T. L., Leigh, 
J. S. and Rentzepis, P. M. (1975) Science 188, 1301. 
[7] Rockley, M. G., Windsor, M. W., Cogdell, R. J. and 
Parson, W. U (1975) Proc. Natl. Acad. Sci. USA 72, 
2251. 
[S] Peters, K., Avouris, Ph. and Rentzepis, P. M. (1978) 
Biophys. J. 23, 207. 
[P] Parson, W. W. (1974) Ann. Rev. Microbial. 28, 41. 
[lo] Parson, W. W. (1967) Biochim. Biophys. Acta 131,154. 
[ 111 DeVault, D (1980) Quantum Mechanical Tunnelling in 
Biophysics, Quart. Rev. Biophys. in press. 
1121 Jortner, J. (1979) Paper presented at ISOX III Conf., 
June 1979, Albany, NY. 
[13a] Hopfield, J. J. (1977) in: Electrical Phenomena t the 
Biophysical Membrane Level (Roux, E. ed) p. 483, 
Elsevier/North-Holland, New York. 
[ 13b] Hopfield, J. J. (1979) in: Tunneling in Biological Sys- 
tems, p. 417, Academic Press, New York. 
[ 141 Rice, S. A. and Jortner, J. (1965) in: Physics of Solids 
at High Pressures (Tomizuta, C. T. and Emrick, R. M. 
eds) p. 63, Academic Press, New York. 
[15] Buhks, E., Bixon, M. and Jortner, J. (1980) Effect of 
Medium Modes on Electron Transfer in a Biological 
System, in preparation. 
120 
